The influences of Gaeumannomyces graminis var. tritici (which causes take-all of wheat), Rhizoctonia solani AG-8 (which causes rhizoctonia root rot of wheat), Pythium irregulare, P. aristosporum, and P. ultimum var. sporangiiferum (which cause pythium root rot of wheat) on the population dynamics of Pseudomonas fluorescens 2-79 and Q72a-80 (bicontrol strains active against take-all and pythium root rot of wheat, respectively) in the wheat rhizosphere were examined. Root infection by either G. graminis var. tritici or R. solani resulted in populations of both bacterial strains that were equal to or significantly larger than their respective populations maintained on roots in the absence of these pathogens. In contrast, the population of strain 2-79 was significantly smaller on roots in the presence of any of the three Pythium species than on noninfected roots and was often below the limits of detection (50 CFU/cm of root) on Pythium-infected roots after 40 days of plant growth. In the presence of either P. aristosporum or P. ultimum var. sporangiiferum, the decline in the population of Q72a-80 was similar to that observed on noninfected roots; however, the population of this strain declined more rapidly on roots infected by P. irregulare than on noninfected roots. Application of metalaxyl (which is selectively inhibitory to Pythium spp.) to soil naturally infestated with Pythium spp. resulted in significantly larger rhizosphere populations of the introduced bacteria over time than on plants grown in the same soil without metalaxyl. It is apparent that root infections by fungal pathogens may either enhance or depress the population of fluorescent pseudomonads introduced for their control, with different strains of pseudomonads reacting differentially to different genera and species of the root pathogens.
Suppression of root diseases and corresponding increases in plant growth and yield have been observed repeatedly in response to soil or seed application of certain strains of fluorescent pseudomonads (2, 18, 27, 37, 47, 48, 51) . Pseudomonas fluorescens 2-79 inhibits the in vitro growth of Gaeumannomyces graminis var. tritici, the cause of take-all of wheat, and limits the severity of take-all in the field when introduced as a seed treatment (47) . Control of take-all by 2-79 is due largely to production of phenazine-1-carboxylic acid (PCA) in the wheat rhizosphere (6, 7, 39, 40) . Increased growth and yield of winter wheat in response to seed application of P. fluorescens Q72a-80 were attributed to protection of germinating wheat seeds and wheat roots from infection by Pythium spp. (48) , but the mechanism of disease control by this strain is unknown.
A major limitation to the commercial use of fluorescent pseudomonads as biological control agents has been the lack of consistent disease control in the field (46) , caused in part by variable colonization of plant roots by introduced bacteria (46) . The degree of take-all control achieved with was directly related to the population of the introduced bacterium maintained in the wheat rhizosphere, but fewer than 60% of wheat roots supported detectable levels of 2-79 or Q72a-80 when these bacteria were introduced as a wheat seed treatment (9) . A linear relationship was observed between the population of P. putida W4P63 and a reduction in preemergence potato seed decay caused by Erwinia carotovora subsp. atroseptica (50) . These results indicate that any improvement in rhizosphere colonization by biocontrol strains should result in more consistent disease control.
Soil properties such as matric water potential (21) , rhizosphere pH (20) , and temperature (28) all influence rhizosphere colonization by introduced fluorescent pseudomonads. Soil water flow enhanced the dispersal of fluorescent pseudomonads along the elongating root when bacteria were introduced as a seed or seedpiece inoculant (4, 26, 34) . Bacterial characteristics such as cell motility (15) , osmotolerance (28) , agglutination by root surface agglutinin (3, 41) , and the presence of pili (42) affect various phases of root colonization, including root attachment and long-term persistence in the rhizosphere. Root colonization by introduced bacteria may also be affected by the genotype of the host plant (5, 45) . The persistence of introduced bacteria in the rhizosphere and in soil is also determined, to a significant degree, by the ability of the bacteria to compete with the indigenous microflora. A single species introduced into sterile soil multiplies rapidly and attains large population sizes, whereas introduction of the same species into nonsterile soil is typically followed by a rapid decline in its population and, often, its elimination from the soil ecosystem (1, 14, 16) . In the absence of plant roots, the population of Pseudomonas sp. strains 2K and 1G declined by 2 (44) and Howie (20) each showed that the population of P. fluorescens 2-79 increases in the presence of the target root pathogen, G. graminis var. tritici. However, the effects of nontarget root pathogens, e.g., Rhizoctonia and Pythium species, on the ability of take-all-suppressive bacteria to persist in the wheat rhizosphere have yet to be investigated. Rhizoctonia solani, Pythium spp., and G. graminis var. tritici occur as mixtures in the same field and often on the same plant throughout wheat production areas of the Pacific Northwest (11) . When this situation exists, the biological control of any one of these pathogens may be disrupted by the activity of one or both of the other pathogens. The objective of this research was to determine the effects of G. graminis var. tritici, R. solani AG-8, and different Pythium spp. on the ability of the candidate biocontrol organisms P. fluorescens 2-79 and Q72a-80, suppressive, respectively, to take-all (47) and pythium root rot of wheat (48) , to persist in the wheat rhizosphere.
MATERIALS AND METHODS
Organisms and culture conditions. P. fluorescens 2-79RN10 (resistant to rifampin and nalidixic acid) and Q72a-80 were obtained from D. M. Weller and have previously been described (47, 48) . A spontaneous mutant of strain Q72a-80, possessing stable resistance to rifampin and designated Q72a-80R, was obtained by selecting a colony that exhibited vigorous growth after repeated transfer to nutrient yeast extract (NBY) agar (43) amended with rifampin (100 ,ug/ml). A bacterial inoculum was prepared by plating 1 ml of a glycerol suspension of 2-79RN10 or Q72a-80R onto King's medium B agar (24) and incubating it at 25°C for 48 h. Bacteria were scraped from the medium and suspended in 20 ml of 0.5% (wt/vol) methylcellulose. The resulting bacterial suspension of either 2-79RN10 or Q72a-80R contained approximately 1011 CFU/ml.
All fungal strains were selected from collections maintained by the U.S. (10) . Inocula were prepared by growing the fungi individually on sterilized oat grains (hereafter referred to as oat grain inoculum) as previously described (47, 49 
EFFECTS OF ROOT PATHOGENS ON FLUORESCENT PSEUDOMONADS

2173
-2A or -2B) and associated rhizosphere soil were sonicated for 60 s, and serial dilutions of the washing were then plated onto King's medium B-100 1Lg of rifampin-100 ,ug of cycloheximide. Plates were incubated at 15 to 25°C for 48 h prior to enumeration of bacterial colonies. The lower limit of detection for this sampling system was 50 CFU/cm of root. Population data were expressed as log CFU per centimeter of root length.
The washed (sonicated) root segments were immediately transferred from the phosphate buffer to ethanol and stored at 4°C for future observation. Root segments from soils infested with either R. solani or G. graminis var. tritici were examined with a dissecting microscope for the presence of lesions characteristic of the respective root pathogens. Root segments from soil infested with P. irregulare were observed for yellow discoloration and loss of root hairs, typical symptoms induced by root-infecting Pythium spp. in wheat (10) . Root segments from check plants were also examined, and any symptoms of disease were recorded.
Effects of different Pythium spp. on bacterial colonization. Further studies were conducted to determine the effects of different Pythium species pathogenic to wheat on the abilities of strains 2-79RN10 and Q72a-80R to persist in the wheat rhizosphere. P. aristosporum, P. ultimum var. sporangiiferum, and P. irregulare were used in these experiments. The preparation of fungal and bacterial inocula, growth conditions for wheat, sampling procedures, and experimental design were as described above.
In vitro inhibition of fungal pathogens by bacterial strains. (Fig. 1) . Disease symptoms developed most rapidly on plants grown in soil infested with R. solani; reddish-brown lesions and spear-tipped (pruned) roots characteristic of rhizoctonia root rot were usually apparent 10 days after planting (Fig. 2) , and the number of lesions on the root segment 3 to 5 cm below the seed reached a maximum after 20 days (Fig. 2) . Lesions rarely were apparent at 10 days on wheat roots exposed to an inoculum of G. graminis var. tritici, but the number of take-all lesions increased during the next 30 days (Fig. 2) Subsequent studies examined the effects of different Pythium species on populations of 2-79RN10 and Q72a-80R in the wheat rhizosphere. iRoot dip application of 2-79RN10 and Q72a-80R, resulted in populations of about 6 log CFU/cm of root for the respective bacteria at the time of planting. Thereafter, the rhizosphere population of 2-79RN10 declined for all soil treatments but declined more rapidly on roots infected by any of the three Pythium spp. than on noninfected (check) roots ( a Ground oat grain inocula of the respective fungi were added to Thatuna silt loam at 0.45 g of inoculum per 100 g of soil.
b Means in a column that are followed by the same letter are not significantly different (P = 0.05) according to Fisher's protected least significant difference.
when they were grown on any of the five media used in this study ( (Table 3 ).
In vitro growth of 2-79RN10 and Q72a-80R was not affected by the presence of any of the Pythium spp. on any of the media tested in this study. Confluent growth of bacteria was observed on all plates, and inhibition zones were not detected around the fungal colonies. Effect of metalaxyl. Plants grown in soil treated with metalaxyl were significantly taller than those grown in nontreated soil (Fig. 3) , indicating that the natural population of Pythium spp. in this soil was detrimental to the wheat seedlings. Symptoms typical of pythium root rot, including root hair loss and root discoloration, were evident as early as 10 days after planting on wheat grown in nontreated soil, but these symptoms were absent from plants grown in metalaxyl-treated soil. The rhizosphere populations of 2-79RN10 were similar in treated and nontreated soils after 30 days of plant growth but significantly larger in metalaxyl-treated soil after 40 days of plant growth ( Table 4 ). The population of strain Q72a-80R was significantly larger in the rhizosphere of wheat grown in metalaxyl-treated soil than that in nontreated soil at 20 days after planting, and the difference was 2 orders of magnitude 40 days after planting (Table 4) . DISCUSSION Some root pathogens are aggressive colonizers of the rhizosphere and root and thus can influence the eventual rhizosphere population attained by an introduced microorganism. However, our results show that the wheat root pathogens tested varied in their effects on the abilities of different introduced fluorescent pseudomonads to persist or multiply in the wheat rhizosphere. Roots infected with either G. graminis var. tritici or R. solani AG-8 supported larger populations of P. fluorescens 2-79RN10 and Q72a-80R than did healthy roots after 20 to 40 days of plant growth. This finding confirms similar results obtained with 2-79 by Howie (20) and Weller (44) but shows further that root infection by G. graminis var. tritici also results in larger populations of Q72a-80R. In contrast, while rhizosphere populations of 2-79RN10 declined over time for all soil treatments, the population decline progressed more rapidly on roots infected with any of three Pythium species than on healthy wheat roots. An accelerated decline in rhizosphere populations was also observed for strain Q72a-80R on roots infected with P. irregulare but not in response to root infection by either P. aristosporum or P. ultimum var. sporangiiferum.
The differential rates of decline observed for populations of 2-79RN10 and Q72a-80R in the presence of several dif- P. irregulare, P. aristosporum, or P. ultimum var. sporangiiferum, the bacteria grew over the entire agar surface and inhibition zones around the fungal colony were absent. While this does not preclude antibiosis as a mechanism operating in the wheat rhizosphere, it does suggest that antibiosis is not the means by which Pythium spp. suppress rhizosphere populations of fluorescent pseudomonads.
The results of this study indicate that certain nontarget and target pathogens can significantly influence populations and, therefore, the efficacy of biocontrol strains P. fluorescens 2-79 and Q72a-80. These findings may help explain the inability of 2-79 and Q72a-80 to suppress certain wheat root diseases and may be of benefit for the development of management strategies that enhance biological control. Although in vitro growth of R. solani AG-8 is inhibited by strain 2-79 and the antibiotic PCA (19) , this strain has been ineffective for biological control of rhizoctonia root rot of wheat (13) . In this study, 2-79RN10 and Q72a-80R were consistently maintained at a population near 4 log CFU/cm of root at the time of root infection by R. solani. A population of this magnitude for 2-79 has been shown to provide biological control of take-all of wheat (9) . This suggests that the inability of strain 2-79 to provide biological control of rhizoctonia root rot of wheat is probably not due to an insufficient population of the bacterium in the rhizosphere.
Failure to obtain a significant growth response in wheat with P. fluorescens Q72a-80, applied to control pythium root rot, has previously been attributed to root infection by R. solani AG-8, which is not controlled by this pseudomonad (13) . In eastern Washington and northern Idaho, Pythium populations in wheat field soils average 300 to 400 propagules per g of soil (12) . Of the 10 Pythium species pathogenic to wheat, P. irregulare and P. ultimum are the most commonly isolated from these soils (10) . On the basis of the response of Q72a-80R to the presence of introduced P. irregulare, it would be expected that natural populations of this fungus present in Pacific Northwest wheat field soils would limit the persistence of this strain in the wheat rhizosphere. The larger populations of Q72a-80R over time in soil with than without metalaxyl support this conclusion. Combined, these data suggest that Q72a-80R could fail to control pythium root rot in fields where P. irregulare is a significant component of the total Pythium population.
The potential negative effect of Pythium spp. on populations of 2-79 should be considered if optimum levels of take-all suppression are to be achieved with this biocontrol strain. On the basis of the results of this study, measures to reduce the activity of Pythium spp. in the wheat rhizosphere should also enhance root colonization by strain 2-79. Therefore, application of metalaxyl or coinoculation of wheat seed with a Pythium-suppressive strain should enhance the efficacy of 2-79 for the control of take-all of wheat.
